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Structural biologyThe correct topogenesis of peroxisomal membrane proteins is a crucial step for the formation of functioning per-
oxisomes. Although this process has been widely studied, the exact mechanismwith which it occurs has not yet
been fully characterized. Nevertheless, it is generally accepted that peroxisomes employ three proteins – Pex3,
Pex19 and Pex16 in mammals – for the insertion of peroxisomal membrane proteins into the peroxisomal
membrane. Structural biology approaches have been utilized for the elucidation of the mechanistic questions
of peroxisome biogenesis, mainly by providing information on the architecture of the proteins signiﬁcant for
this process. This review aims to summarize, compare and put into perspective the structural knowledge that
has been generated mainly for Pex3 and Pex19 and their interaction partners in recent years. This article is
part of a Special Issue entitled: Peroxisomes edited by Ralf Erdmann.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Peroxisomes are cell organelles found in virtually all multi-cellular
organisms and comprise a separate cellular compartment whose main
functions include the sequestration of metabolic processes that would
otherwise be toxic to the cell, as well as the biosynthesis of several es-
sential lipids [1]. The maintenance of the peroxisomal system involves
several processes like peroxisome biogenesis, peroxisome growth and
division [2–4] and turnover of peroxisomes by autophagy [5–7]. One
of the most critical steps in peroxisome biogenesis is the correct spatial
and temporal topogenesis of peroxisomal membrane proteins (PMPs)
on the peroxisomal membrane.
The mechanistic elucidation of the peroxisomal import machinery
for the proper integration of PMPs poses major challenges to peroxi-
somal research. Advanced live and high-resolution imaging techniques
have recently allowed the visualization of previously undetected perox-
isome biogenesis pathways. However, structural insight into the under-
lying molecular steps at atomic resolution is still at an early and
incomplete stage. This review summarizes recent ﬁndings on available
structural data of protein complexes and provides structure-basedmes edited by Ralf Erdmann.
, Building 25A, Notkestraße 85,
manns).
. This is an open access article undermechanistic interpretation of the processes they are involved in. It will
conclude with a range of questions that we believe are critical and
should be addressed in future research.
From known peroxisomal biogenesis factors only three – Pex3,
Pex19, and Pex16 in mammals – have been shown to be essential for
peroxisomal membrane biogenesis [8,9]. In the absence of any of
these, no peroxisomal structures can be identiﬁed and PMPs are
mistargeted or become degraded [10]. The origin of peroxisomes and
their biogenesis is a highly debated research topic, ultimately leading
to the fundamental question whether peroxisomes are autonomous or-
ganelles, like mitochondria and chloroplasts, or part of endomembrane
systems and speciﬁcally the endoplasmic reticulum (ER). For many
years, the prevailing model assumed the biogenesis of peroxisomes to
be driven by growth and dynamin-related ﬁssion from pre-existing
ones [3].
Early studies in Yarrowia lipolytica indeed revealed that the glycosyl-
ation pattern of two peroxins originates from the ER [11]. However, it
was the genetic and imaging data from the Tabak group and others
that demonstrated a Pex19-dependent connection of Pex3 to the ER in
yeast [12–14]. Further indications for ER-based sorting mechanisms
on several PMPs and transport via pre-peroxisomal vesicles (ppVs)
were provided later on [15,16].Pros and cons associated with these
two models, as well as alternative, reﬁned models, have been widely
reviewed and are an ongoing subject of intensive research [10,17–22].the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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parison of diverging experimental data fromdifferentmodel organisms,
mostly yeast and mammalian cells, and is beyond the scope of this re-
view. There is increasing evidence however, that both pathways exist
in parallel with different kinetics that may vary under different growth
conditions and metabolic requirements [18,23].
2. Peroxisomal membrane proteins (PMPs)
Peroxisomal biogenesis is mainly driven by the formation of the ap-
propriate membrane composition required for the correct function of
mature peroxisomes, thus allowing the import of peroxisomal matrix
proteins into a sequestered cellular environment via their correspond-
ing import machineries. This includes proteins, lipids and other metab-
olites found in the peroxisomal membrane. Previous research has
mostly focused on the composition of the peroxisomal membrane pro-
teins (PMPs).
Generally, PMPs are synthesized on free polyribosomes in the cyto-
sol and are inserted post-translationally into the peroxisomal mem-
brane [3]. Most PMPs contain one or more non-overlapping signal
motifs referred to as Membrane Peroxisome Targeting Signal (mPTS)
that consists of a Pex19 targeting element and a membrane-anchoring
sequence [24]. PMPs that harbor an mPTS motif have been annotated
as class I. In some of them the Pex19 interaction domain and the perox-
isome sorting sequence has been reported to be functionally or physi-
cally separated [24–26]. Known mPTS sequences are characterized by
the presence of one ormore short and usuallyα-helical segments, com-
prising of positively charged and hydrophobic residues, in addition to at
least one transmembrane segment [24,25,27–30]. The mPTS of some
PMPs reportedly contains multiple targeting signals, which may reﬂect
possible sorting to discrete peroxisome populations [31]. Despite these
general similarities in mPTS sequences, it has remained difﬁcult to
deduce an unambiguous mPTS sequence consensus, partly because
structural information concerning mPTS recognition by Pex19 is not
available.
A subclass of peroxisomal mPTS-containing PMPs belongs to tail-
anchored (TA) proteins, which are integral membrane proteins that
contain a short polar C-terminal sequence segment adjacent to a trans-
membrane domain segment [32]. TA proteins that are directed towards
the ER are generally recognized and translocated by the ER-associated
and ATP-dependent GET pathway [33,34]. However, for a number of
TA PMPs – including the mammalian Pex26, and Fis1 – it has been re-
cently shown that they can be imported directly to the peroxisomal
membrane in a Pex19-dependent way, while yeast PEX15 – the homo-
log of PEX26 – is imported into the ER in a Get3-dependent topogenesis
[35–39].
There are other PMPs without an identiﬁable mPTS recognition
motif, known as class II PMPs, suggesting Pex19-independent transport
and import into the peroxisomal membrane, ﬁrst discovered and char-
acterized for the peroxisomal docking biogenesis factor Pex3 [40].
Pex3 later on became the paradigm PMP to study the indirect targeting
pathway via the ER (further details below). Several other PMPs have
also been found to be directly associated with the ER, or structures
emerging from the ER, in particular Pex16 in plants and mammals,
and Pex15 and Pex22 in yeast [8,16,41].
3. Peroxisomal biogenesis factor 19 (Pex19)
Pex19 is an essential, multifunctional peroxisomal protein compo-
nent that is ubiquitously found in peroxisome-containing organisms. It
plays central but functionally different roles in the established models
of peroxisome biogenesis [9,18,21,42]. When considering the growth
and division model, Pex19 binds and stabilizes newly synthesized
PMPs via theirmPTS recognitionmotif, thus also acting as a quality con-
trol component for proper folding, before delivering them to the perox-
isomal membrane in a Pex3-dependent manner [35,40]. Due to theseﬁndings, Pex19 has been ascribed a role as both shuttling PMP receptor
and chaperone, with the ability of self-recovery after PMP release.
In the de novo peroxisomal biogenesis model the proposed key role
of Pex19 is ATP-dependent budding of ppVs from the ER, which subse-
quently convert tomature peroxisomes [18,19]. Less clear is a suggested
role of Pex19 in possibly regulating the docking process of cargo-loaded
Pex5 matrix protein receptor, by binding to Pex14 [20,43]. Recent evi-
dence has also indicated a role of yeast Pex19 in peroxisomal inheri-
tance by binding directly to the myosin motor protein Myo2 in a
Pex19-farnesylation dependentmanner [44]. The preciseMyo2 binding
site on Pex19, however, remains unknown.
Among vertebrates, Pex19 sequences are highly conserved andmost
of them comprise 299 residues in length. In contrast, Pex19 sequences
from plants, fungi and amoebozoa are diverse in sequence and length,
suggesting functional diversity. The C-termini of Pex19 sequences are
deﬁned by a so-called CAAX motif, which serves as a recognition site
for farnesylation. Virtually all annotated Pex19 sequences harbor this
motif, with the trypanosomal Pex19 being an exception [45]. Experi-
mentally, Pex19 farnesylation in vivo has only been demonstrated for
a limited number of systems, such as human cell lines and yeast
[9]. In contrast, BLAST sequence homology searches [46] reveal that
some Pex19 sequences, even closely related to mammalian Pex19
(PEX19_HUMAN), comprise N-terminal extensions of several hundreds
of residues. However, to the best of our knowledge none of these ex-
tended sequences has been investigated in detail, to date. Basically,
Pex19 can be divided into two parts, a structurally ﬂexible N-terminal
region and a structured C-terminal region, which includes the C-
terminal CAAXmotif (Fig. 1). The C-terminal region of Pex19 sequences
is generally more conserved than the N-terminal part, with the excep-
tion of residues 17–23 (human Pex19 residue numbering) that include
several highly conserved residue positions as well.
Full-length Pex19 is monomeric, as determined by analytical ultra-
centrifugation, but under gel ﬁltration conditions it elutes with an un-
usually high apparent molecular weight [47–49]. This ﬁnding has been
attributed to its predicted shape as a partly non-globular protein. It
could also explain data on Pex19 from Arabidopsis, which has been
interpreted as an indication for a dimeric arrangement [50]. The helical
content of Pex19 was estimated to be 6% for the N-terminal part and
55% for the C-terminal part [47]. Pex19 is highly soluble and can be pu-
riﬁed to concentrations exceeding 100 mg/ml [47].
The three-dimensional structure of full-length Pex19 remains un-
known, although structural insights in domain fragments have become
available (Fig. 1). The structure of most of the globular C-terminal do-
main of human Pex19, lacking the CAAX box sequence motif (residues
161–283), has been determined by X-ray crystallography (PDB code
2WL8) and can be described as a largely α-helical bundle domain
[51]. For the less folded N-terminal part of Pex19, structures of short
peptide stretches of human Pex19 comprising residues 15–40 (PDB
code 3AJB) and 14–30 (PDB code 3MK4) have been determined in com-
plex with the docking factor Pex3 (details below) [51,52]. Taking the
data together, residues 14–32 are presumed to be in an α-helical con-
formation in the presence of Pex3, whereas this segment is unstruc-
tured in the absence of Pex3 [49,52]. Residues 66–77 of human Pex19
form an α-helix when bound to Pex14 (details below, PDB code
2W85, Fig. 1), as determined by NMR spectroscopy [53]. A number of
additional segments within the N-terminal region of Pex19 have been
predicted to be folded in amphipathicα-helices andhave been implicat-
ed in PMP membrane insertion [39].
Pex19 has multiple protein/protein interaction regions (Fig. 1).
Probably the most thoroughly investigated one is with the membrane
docking protein Pex3, the binding afﬁnity of which has been deter-
mined to be ≤10 nM [52,54]. The high afﬁnity of this complex seems
to be caused by an intricate set of interactions, exceeding a simple bina-
ry binding site. The afﬁnity of the N-terminal binding site that has been
determined structurally (further details described below) is about 5–10
less than that for full-length Pex3, but sufﬁcient to establish a stable and
Fig. 1.Molecular structures of peroxisomal biogenesis factors and complexes. Available high-resolution structures are shownwith semitransparent surfaces and underlying ribbons. Res-
idue numbers of the boundaries of known structures are shown. Protein/protein interactions, which have been conﬁrmed structurally, are indicatedwith solid arrows; other reported in-
teractions are indicated with dashed arrows. Reported protein interactions, which have not yet been mapped (including the Saccharomyces cerevisiae proteins Sec61, Inp1, Atg30, Atg36,
Myo2 and with human Pex16), are indicated schematically. For further details, see text. Protein models were made using Pymol [80].
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low afﬁnity Pex3 binding site within the central part of Pex19 (residues
124–140) [55,56] could explain the difference in binding afﬁnity but
does not appear to be sufﬁcient to establish binding on its own [54,
57]. In a recent study, another sequence stretch in the N-terminal part
of Pex19 (residue 64–74) and the C-terminus of Pex19 comprising the
CAAXbox for farnesylation have been found tobe affected by Pex3 bind-
ing [49]. Human PMP24 cargo-loaded Pex19 displays increased binding
afﬁnity to Pex3, [58] suggesting that conformational changes are in-
volved in regulating the afﬁnity of Pex3/Pex19 assembly.
In addition to the Pex3 binding site, the N-terminal part of Pex19
contains a Pex14 interacting region. Pex14 is a peroxisomal membrane
protein that is an essential component of the peroxisomal matrix pro-
tein import machinery. Contrary to other PMPs, Pex14 does not contain
a typical mPTS motif. Whether the targeting and insertion of Pex14 is
Pex19-dependent or more relying on the Pex13 interaction is not yet
fully understood [59,60]. Recent data show that Pex14, together
with other peroxisomal importomer protein components for perox-
isomal matrix protein import – Pex8 and Pex13 – are found in ppVs in
Saccharomyces cerevisiae [20,43]. What kind of role the Pex14/Pex19
interaction could play in the same subsequent maturation into
import-competent peroxisomes, however, still remains to be determined.
The interaction between Pex19 and Pex14 has been investigated by
NMR spectroscopy, and solution structures of the N-terminal α-helical
domain (NTD) of Pex14 and a peptide comprising Pex19 residues 66–
77 (PDB code 2W85) have been reported. The recognition of Pex19 pep-
tide depends on a F/YFxxxF sequence motif (Fig. 1) [53]. In the same
study, the structure of the Pex14 NTD bound to a WxxxF/Y sequence
motif of the peroxisomal matrix protein import receptor Pex5 was
also presented. Notably, both peptidemotifs bind in a helical conforma-
tion to the same site in the Pex14NTD, althoughwith different afﬁnities.
The dissociation constants for the interaction with the Pex5 and Pex19
motifs are 0.5 and 9 μM, respectively. The Pex5/Pex19 binding domainof Pex14 forms two hydrophobic cavities that recognize the two
ﬂanking aromatic side chains from either the Pex5 WxxxF/Y motif or
the Pex19 F/YFxxxF motif (Fig. 2A). Both the Pex5 and Pex19 peptides
form an amphipathic helix that binds across two helices of the N-
terminal Pex14 helical bundle domain. Surprisingly, the two Pex14-
binding motifs of Pex5 and Pex19 are in opposite orientations. It is
also interesting to note that the same Pex19 F/YFxxxF sequence motif
is affected by Pex3 binding (see above) [49], suggesting a possible com-
petition of Pex3 and Pex14 for the same Pex19 site. However, this still
requires experimental veriﬁcation.
Only little is known on the mechanism of mPTS-mediated binding
by PMPs to Pex19. PMP binding data from truncated Pex19 constructs
indicated a crucial contribution of the ﬁrst visible helix (residues 171–
182) in the C-terminal Pex19 domain (Pex19 CTD) structure to PMP
binding [51]. The binding afﬁnity corresponds to a dissociation constant
KD of about 10 μM and is thus moderate [51]. Replacement of a number
of exposed hydrophobic residues from this helix leads to loss of mPTS
binding, indicating non-speciﬁc hydrophobic interactions to be crucial.
In the same study it was shown that the presence of the non-
farnesylated CAAX motif considerably reduces the binding afﬁnity
[51]. In independent experiments it was demonstrated that CAAX-
mediated farnesylation increases the binding tenfold [61], suggesting
opposite regulatory roles of the C-terminal CAAX motif depending on
whether it is farnesylated.
The apo-structure of the Pex19 CTD reveals a large cavity in the core
of the domain, which has been suggested to function as an intermolec-
ular binding site of the farnesyl group [51] (Fig. 1). A comparison of
NMR ﬁngerprint spectra of the non-farnesylated and farnesylated
Pex19 CTD is consistent with a burial of the farnesyl group in this cavity
(Schütz and Sattler, unpublished). This could explain previous ﬁndings
of an increased mPTS binding afﬁnity and functional activity of
farnesylated Pex19 [61]. The impact of farnesylation for Pex19 function,
as judged from in vivo experiments in yeast and mammalian cell lines,
Fig. 2. Protein/protein interfaces of the complexes involving peroxisomal biogenesis fac-
tors. The side chains of residues with contributions with N10 Å2 accessible surface buried
upon complex formation, as calculatedwith PISA [81], are shown. (A) Pex19–Pex14: none
of the residues involved in the respective interface are universally conserved by the
criteria given above. Aromatic residues fromboth Pex14 and Pex19 that establish the stag-
gered array of aromatic residues in the interface are labeled. (B) Pex3–Pex19: Residues,
which are universally conserved according those found with a BLAST search using the
H. sapiens sequence in UNIPROT as template and those reviewed in Swiss-Prot selected
for an overall alignment, are highlighted in bold colors and labeled.
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to actively bind newly-synthesized PMPs as shown by a study of
Pex19with an engineered nuclear localization signal that resulted in en-
richment of PMPs in the nucleus [40]. This argues in favor of a stable and
constitutive interaction of Pex19 and PMPs. Recent data indicate that
the balance of hydrophobic and charged residues in the mPTS of tail-
anchored proteins, a PMP subclass, are critical to determine competitive
binding to Pex19 and endoplasmic reticulum associated cytosolic
ATPase TRC40 (Get3 in yeast) [38]. How PMP cargo-bound Pex19
increases its binding afﬁnity to Pex3 [58] is not yet understood
mechanistically.
Considering Pex19 as a shuttle PMP receptor, there is also the ques-
tion about a possible PMP release mechanism from Pex19. One of the
most well-characterized Pex19–PMP complexes is that of Pex26
(Pex15 in yeast) that has also been isolated as ternary complex in the
presence of Pex3 [38,56]. A region in the N-terminal part of Pex19with predicted amphipathic helical properties has been recently impli-
cated in Pex26 insertion into the peroxisomal membrane by a release
mechanism from Pex19 [39]. This segment has been suggested to com-
pete with the mPTS-binding helix from the Pex19 C-terminal domain
[51].
4. Peroxisomal biogenesis docking factors 3 (Pex3) and 16 (Pex16)
Pex3 is an integral membrane protein that binds to an N-terminal
Pex19 site that is different from the Pex19 PMP binding site. Based on
this, Pex3 has been proposed to function as Pex19-dependent receptor
and membrane docking factor [62]. Unlike many other PMPs, its mem-
brane insertion does not dependon Pex19, categorizing Pex3 as a class II
PMP [40]. Similar to Pex19, vertebrate Pex3 sequences are highly con-
served and are 372 or 373 residues in length. In contrast, Pex3 se-
quences from more distantly related organisms such as fungi and
plants generally share b35% sequence identity with human Pex3 and
are divergent in length.
Pex3 contains an N-terminal transmembrane segment preceded by
a short but distinct basic luminal segment, recently termed n-region
and h-regions, due to its similarity with ER signal anchor-like sequences
[63]. This segment has also been referred to as mPTS2 [10] and it an-
chors Pex3 into the peroxisomalmembrane and other peroxisomal pre-
cursor structures such as the ER and ppVs [63,64]. Recent data have
revealed that the recognition of these two regions in Pex3 is probably
dependent on the Sec61 endomembrane channel system associated
with the ER [63], providing a mechanistic rational on ﬁndings on Pex3
transport via the ER in S. cerevisiae [12–14]. In vertebrates, the ER recep-
tor function for Pex3 is provided by Pex16,which is not found in various
yeast species [65]. In contrast to Sec61, Pex16 also serves as a Pex3/
Pex19 membrane docking component in mature peroxisomes [66].
The mechanisms of Pex16 membrane insertion itself, however, appears
to be different, as it is depends on Pex19 for integration into themature
peroxisome membrane but not for ER integration. Pex16, in which the
N-terminal mPTS is deleted, integrates into the ER membrane but not
into the membrane of mature peroxisomes [8]. Studies of human
Pex16, and the equivalent proteins from Arabidopsis thaliana, and
Y. lipolytica, have revealed substantial functional diversity, which is
also reﬂected in sequence diversity [65]. There is no structural informa-
tion on Pex16 available, to date.
The remaining soluble part of Pex3 comprises a helical bundle do-
main, for which the molecular structure has been determined at high
resolution by X-ray crystallography in complex with an N-terminal
Pex19 peptide fragment (PDB codes 3AJB and 3MK4) [52,54] (Figs. 1,
2B). The Pex19 binding site is distally located with respect to the antic-
ipated N-terminal transmembrane anchor. The Pex19 binding site is
about 600 Å2 in size and thus quite compact. Three Pex3 loop regions
contribute to this Pex19 binding site, including the sequence segments
90–107, 196–197 and 321–330. Several residues contributing to the
Pex3–Pex19 interaction both in Pex3 and Pex19 are universally con-
served among the respective sequences from various species, indicating
that the interaction is conserved as well (Fig. 2B). Although a number of
speciﬁc hydrogen bond interactions contribute to the interaction, re-
markably mainly hydrophobic residues involved in binding are con-
served both in Pex3 and Pex19. A cluster of conserved hydrophobic
residues near the N-terminal membrane insertion site seems to play a
role in facilitating PMP membrane insertion by possibly deforming the
peroxisomal membrane [39,57] (Fig. 3). The presence of Pex19 has a
limited stabilizing effect on Pex3 in vitro and in cellular assays, but a
Pex3 chaperone function of Pex19 has not been detected, unlike for
other PMPs [57,66].
Recent data show new additional links of Pex3 to ubiquitination-
linked pexophagy [67–70], balancing peroxisome biogenesis andmain-
tenance by regulated turnover. Interactions of Pex3 with protein com-
ponents involved in peroxisomal autophagy, such as Atg36 [71] and
Atg30 [72], have been identiﬁed, but the precise binding sites on Pex3
Fig. 3.Model of the ternary Pex3–Pex19–PMP complex conceived from known structural and interaction data, as inspired by the model proposed by Schmidt et al. [57]
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ing Pex3 interaction has been established with the peroxisomal inheri-
tance factor Inp1 [73,74], which has, likewise, not yet beenmapped to a
speciﬁc Pex3 site. Inp1 has been shown to regulate peroxisomemotility,
as a requirement for peroxisomal proliferation, and abundance.5. Emerging structural and mechanistic principles
Although the presently available structural data of peroxisomal bio-
genesis factors and complexes are still very limited, they provide an idea
on underlying principles of the formation of relevant protein/protein
complexes. The structures of all protein domains from Pex3, Pex14
and Pex19 investigated to date, are exclusively helical, leading to
helix/helix interactions observed in respective protein/protein com-
plexes [51–54] (Figs. 1–2). As shown paradigmatically for the peroxi-
somal matrix protein import receptor Pex5, helical bundle structures
have superior properties for conformational adaptations of the overall
fold in protein/protein binding events [75,76].
Some of the helices from peroxisomal biogenesis factors involved in
protein/protein interactions comprise a large proportion of conserved
hydrophobic surface residues. Assuming that aliphatic helices have nor-
mally hydrophobic residues oriented towards the hydrophobic core in
globular proteins, in these peroxisomal proteins some of the aliphatic
helical properties appear to be inverted, in other words having crucial
hydrophobic residues situated on the surface rather than being oriented
into the protein interior. Recently it has been shown at amolecular level
that these properties are not only meaningful in establishing protein/
protein interactions but also in the release of protein ligands, as demon-
strated for the disassembly of Pex26 fromPex19/Pex3within the perox-
isomal membrane [39]. Such structural features are found in particular
in proteins that are undergoing transitions between lipid-free or lipid-
bound states [77], which ﬁt the idea of Pex19 functioning as a shuttling
receptor. Interestingly, the role of aliphatic helices, as shown for Pex11,
may also have a prominent role in peroxisomal membrane remodeling
in the peroxisomalﬁssion process,which complements the de novo bio-
genesis of peroxisomes [4,78].For the N-terminal helical Pex13 interaction site on Pex19 it has
been shown that Pex19 folding is induced by Pex13 binding [52]. Al-
though part of the suspected mPTS binding site is folded in the Pex19
C-terminal domain structure possibly because of contacts with neigh-
boring molecules in the crystal lattice [51], it may well be that there
are folding transitions in Pex19 upon mPTS binding as well. The ob-
served regulatory role of the farnesylated C-terminal CAAX motif in
mPTS supports this hypothesis [51,61]. It will be of particular interest
to investigate to what extent these principles, presently limited to
only a few examples, could be found in related systems aswell, allowing
a broader generalization.
6. Open questions and future challenges
The central role of the Pex3/Pex19 complex in peroxisomal biogen-
esis is well established and, therefore, it can be expected that this com-
plex will be a starting point for future investigations focusing on the
underlyingmolecular structures and associated dynamics. However, al-
though structures of fragments of the Pex3/Pex19 complex have been
determined as discussed above, little is known about the architecture
and conformational transitions this complex may undergo during the
mPTS-PMP delivery process into the peroxisomal membrane. As the
mPTS-PMP docking processmost likely takes initially place at themem-
brane surface, as suggested by the structural organization of Pex3with a
separate N-terminal transmembrane segment, the soluble part of the
Pex3 in the presence of Pex19 may be sufﬁcient as model system to
study mPTS-PMP recognition. Ultimately, future structural investiga-
tions need, however, to be conﬁrmed in a native membrane environ-
ment. Since many, if not all of these processes, start at the ER and
subsequent pre-peroxisomal vesicle structures [15,16], the respective
membrane environments need to be tested. As there is strong evidence
from the relevant literature of a high level of diversity in themechanistic
details of peroxisomal biogenesis [79], as a prerequisite to understand
those differences, it would be desirable to gain future data for protein
complexes from different representative organisms, including higher
vertebrates, yeast and plants. There may be also important roles of
organism-speciﬁc post-translational covalent modiﬁcations, which
868 E.-A. Giannopoulou et al. / Biochimica et Biophysica Acta 1863 (2016) 863–869have not been widely addressed in previous research. Key future
research questions we suggest to be addressed could be:
• How does mPTS-binding occur and how does Pex19 act as a chaper-
one? Are there speciﬁc interactions involved?What is the distributed
role of hydrophobic and charged residues found in mPTS sequence
motifs? What kind of conformational PMP transitions are found in
the presence of Pex19?
• What kind of conformational transitions are found in the Pex3/Pex19
complex during its formation, all stages of mPTS-PMP binding and re-
lease, and Pex3/Pex19 disassembly? What is the mechanism of disas-
sembly of the Pex3/Pex19 complex,whose afﬁnity has beenmeasured
in the nM range? What is the role of previously reported additional
secondary Pex3/Pex19 binding sites? What is the contribution of
Pex19 farnesylation in the overall process?
• What is the mechanism of Pex3/Pex19 mediated mPTS-PMP docking
to full integration into the membrane? What is the role of Pex16,
the known ER GET receptors and the Sec61 translocon?
As these complexes comprise signiﬁcant unfolded regions, as exem-
pliﬁed for the N-terminal part of Pex19, it will be challenging to capture
the overall architecture of peroxisome biogenesis complexes by X-ray
crystallography. Thus, the use of complementary structural biology
methods, such as Small Angle X-ray scattering, including options for
time-resolved studies, and various biophysical methods, is expected to
be essential in future research. NMR spectroscopy has proven to be
very useful tomap protein interactions and characterize conformational
ﬂexibility at the amino acid residue level and thus is expected to play a
key role as well. In essence, the use of structural biology for the under-
standing of peroxisome biogenesis is still very much in its infancy and
it will require novel, unconventional approaches to tackle this central
challenge in peroxisomal research.
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